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Abstract 
The practical computation process of 2D correlation spectra and the influence of pretreatment factors such as noise 
reduction, peak position shift have been discussed in this paper. The excessive noise reduction and peak position shift 
would lead to erroneous interpretation of 2D spectra. Two-dimensional correlation dynamic mechanical spectroscopy is 
suitable for the analysis of relaxation processes if with appropriate external perturbation. 
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1. Introduction 
The dynamic glass transition shows up as a strong decrease in shear modulus measured at constant 
temperature with decreasing frequency or at constant frequency with increasing temperature. Ngai, Plazek, 
and coworkers[1, 2] have examined the dynamic data of polyisobutylene (PIB) over a wide range of 
frequencies and found three distinct modes of molecular motions contributed to the glass-rubber transition 
region from local segmental motion (LSM), sub-Rouse modes, and Rouse modes. But the temperature 
dependence of these processes is very similar and the distinction between them difficult. Although many 
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measurements like dynamic mechanical spectroscopy (DMS)[3], Dielectric spectroscopy (DS)[4], photon 
correlation spectroscopy (PCS)[5], and quasi-elastic neutron scattering (QENS)[6] can be used to investigate 
the molecular motions, there are still a lack of useful techniques to independently separate the heavily 
overlapped modes from each other, and then to analyze each one separately. Recently, we have developed 
two-dimensional correlation analysis, including two-dimensional correlation dynamic mechanic spectroscopy 
(2DC-DMS)[7] and two-dimensional correlation dielectric relaxation spectroscopy (2DC-DRS)[8], to study 
the relaxation mechanism of molecular motions. With the help of the high resolution and high sensitivity of 
two-dimensional correlation analysis to molecular motions, we have successfully distinguished the three 
modes of molecular motions independently in the softening dispersion of PIB. 
Two-dimensional correlation analysis has been demonstrated to be a powerful tool for studying the 
molecular motions with different time/length scales. However, some readers encountered some technical 
matters about 2D features when they computed 2D correlation spectra. The purpose of this paper is to tell the 
readers how to do the practical computation of 2D correlation spectra, as well as the influence of pretreatment 
factors on 2DC-DMS features. 
2. Experiments 
2.1 Materials 
PIB (product code: B50, purchased from BASF company) was fractionated with hexane and acetone at a 
concentration of 1 wt %. The number average molecular weight of PIB after fractionation was determined to 
be 1.03 105 g/mol with a molecular weight distribution of 2.73 by a gel permeation chromatography (GPC, 
AGILENT-1100). 
2.2 Measurements and characterization 
Dynamic mechanical analysis (DMA) was carried out on Q800 (TA instruments) by using a mode of dual 
cantilever clamp and a testing method of temperature step-frequency sweep with each temperature step of 2 
 and frequency range from 1 Hz to 5 Hz. The sample dimensions were 20 mm long, 12 mm wide and 3 mm 
thick. 
2.3 Two-dimensional correlation analysis 
Before performing the 2D correlation analysis, the intensity of the each DMA spectrum was normalized by 
dividing its intensity mean value. In the present study, all the 2DC-DMS spectra were processed and 
calculated by a homemade program of Matlab (Mathworks, Natick, MA). The 5% autocorrelation intensity of 
2DC-DMS spectra was regarded as noise and was cut off. 
3. Practical computation of 2D correlation spectra 
Generalized 2D correlation spectroscopy originally proposed by Noda[9] in 1993 gives rise to the study of 
the spectral intensity fluctuation under certain environmental perturbation. 2D correlation spectroscopy 
possesses two important advantages: one is the improvement in resolution by spreading the band peaks along 
the second spectral dimension from the heavily overlapped 1D spectra; the other is the possibility to 
distinguish the relative rates of the spectral intensities. They ensure a remarkably promising application of 2D 
correlation analysis technique on studying molecular dynamics where an exact identification of relaxation 
mechanisms with different time/length scales is always the key goal. 
Two types of spectra can be obtained from a 2D correlation analysis, which are described as synchronous 
and asynchronous. The synchronous 2D correlation spectrum shows a simultaneous change of two peaks, 
while the asynchronous spectrum reflects a sequential change. The red-colored regions are defined as the 
positive correlation intensities, whereas the blue-colored ones are regarded as the negative correlation 
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intensities. The synchronous spectra are symmetric with respect to the diagonal line. The peaks located along 
the diagonal line are named autopeaks and always positive, while those located at off-diagonal positions are 
called cross-peaks and can either be positive if the intensity variations of two peaks occur in the same 
direction (either increase or decrease), or be negative otherwise. 
2DC-DMS is an adaptation of generalized two-dimensional correlation spectroscopy. A discrete set of 
dynamic mechanical spectra measured at m equally spaced points in frequency f between Fmin and Fmax is 
represented by 
( ) ( , )y temp y temp fj j     1, 2,...j m                                                        (1) 
where the jth point in f is given by fj = Fmin + (Fmax - Fmin)(j - 1)/(m - 1). temp refers to temperature. 
It should be noted that in the usual method, the primary measurement variable is frequency, wavelength, 
scattering angle, etc.. But in the present study, the treatment with temperature as the primary variable is 
unique. 
We assume that the reference spectrum ym(temp), typically the average spectrum given by 
( ) ( , ) /
1m
m
y temp y temp f mjj
                                                                    (2) 
has already been subtracted from raw data as yj(temp, fj) = y(temp, fj)  ym(temp). The synchronous 2D 
correlation intensity may be directly calculated from the dynamic mechanical spectra by 
1
( , ) ( ) ( )1 2 1 211
m
temp temp y temp y tempj jjm
                                                  (3) 
The asynchronous 2D correlation intensity may be directly calculated from the dynamic mechanical 
spectra by 
1
( , ) ( ) ( )1 2 1 211
m
temp temp y temp z tempj jjm
                                               (4) 
The discrete orthogonal spectra zj(temp2) can be directly obtained from the dynamic mechanical spectra 
yj(temp2) by using a simple linear transformation operation 
( ) ( )2 21
m
z temp N y tempj jk kk
                                                            (5) 
where 
0
1
( )
j k
N jk otherwise
k j
                                                              (6) 
Njk is the element of the jth row and the kth column of the Hilbert-Noda transformation matrix: 
0 1 1 / 2 1 / 3...
1 0 1 1 / 2
1
1 / 2 1 0 1
1 / 3 1 / 2 1 0
...
N                                                          (7) 
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4. Influence of pretreatment factors on 2D features 
In 2DC-DMS features, pretreatment factors such as noise reduction, line broadening and position shift are 
not related to the straightforward spectral intensity changes. Features generated from such effects belong to 
special cases, which cannot be readily interpreted in terms of the simple cross peak sign rules. Overlooking 
the possible existence of multiple correlation peaks assignable to a single spectral band often leads to 
erroneous interpretation of 2D spectra. This section, therefore, provides a guide to the detection and 
interpretation of such complex spectral features. 
4.1 noise reduction 
Noise always causes artifacts and arises from various interfering physical or chemical processes. 2D 
correlation spectra without noise reduction or with excessive noise reduction have significant effect on the 
artificial peaks. For example, as shown in Figure 1, let us assume that Figure 1A is the correct synchronous 
2DC-DMS spectrum with 5% autocorrelation intensity regarded as noise and cut off. If we do not reduce the 
noise, one extra artificial peak in the middle of the spectrum could be observed (Figure 1B). On the other 
hand, Figure 1A with excessive noise reduction (e.g. 10% autocorrelation intensity was cut off) would show 
less peaks (Figure 1C). In other words, the extent of noise reduction would influence the number of peaks in 
2DC-DMS map, and it is important to adjust the contour levels of 2D map appropriately. However, the 
criterion that what percentage of autocorrelation intensity should be cut off is subjective and hard to control, 
depending on the experience. Indeed, this is the problem in 2D correlation analysis and needs future effort. 
 
 
Fig. 1. Synchronous 2DC-DMS map with (A) proper noise reduction, (B) without noise reduction and (C) 
with excessive noise reduction. 
 
4.2 peak position shift 
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Figure 2 shows the very characteristic four-way symmetric four-leaf-clover pattern, comprising two 
autopeaks and two negative cross peaks. The center of the cluster is located near the spectral coordinate 
corresponding to the peak maximum position of the average spectrum. It is noted that the clover pattern 
observed in the synchronous spectrum for two overlapped bands and that for a single band with position shift 
are somewhat similar. 
The asynchronous spectrum obtained for the case of peak position shift is shown in Figure 3. This very 
characteristic pattern of an asynchronous peak cluster is known as the butterfly pattern. The cluster consists of 
a pair of elongated cross peaks of opposing signs located very close to the diagonal of the 2D spectrum. Next 
to the main pair of elongated cross peaks are another set of weaker cross peaks, which are confined to smaller 
parts and located slightly away from the diagonal. This butterfly pattern is a very distinct and easily 
recognizable indicator for the existence of a shift in the peak position. Overlooking the possible existence of 
multiple correlation peaks assignable to a single 1D peak often leads to erroneous interpretation of 2D spectra. 
Furthermore, the presence of multiple correlation peaks in the asynchronous spectrum may give an erroneous 
impression that there may be multiple hidden peaks (relaxation processes) involved in the formation of such 
clusters. Whenever such a pattern is observed, one may assume that there is a possibility of a single peak 
shifting in position[10]. 
 
 
Fig. 2. Characteristic four-leaf-clover cluster pattern of synchronous 2D correlation spectrum based on a 
single peak shifting in position. 
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Fig. 3. Characteristic butterfly pattern of asynchronous 2D correlation spectrum based on a single peak 
shifting in position. 
 
This is why in our previous paper[7], we choose frequency range less than one decade just for less peak 
shift. However, even though the frequency range is very small, the peaks in 1D spectrum still shift to higher 
temperature with increasing frequency. Therefore, we realize that the frequency is not the ideal external 
perturbation in 2D correlation analysis. In order to reduce the effect of peak position shift, recently we have 
tried to find other ideal external perturbation. In our previous work, polystyrene (PS) was blended with PIB 
with different weight ratios to form space confinement on the PIB phase[11]. This time, we choose varying 
PS content as the external perturbation to examine 2DC-DMS. Figure 4 shows the tan of PIB/PS blends 
with different PS contents. The shoulder and the maximum of tan peak of PIB decrease to different extents 
with increasing PS content, but their positions do not shift. Then, we calculated the synchronous 2DC-DMS 
spectrum, as shown in Figure 5. On the top contour map, three autopeaks can still be observed corresponding 
to three modes of molecular motions, respectively. No characteristic four-leaf-clover cluster pattern appears, 
indicating that varying PS content can be regarded as external perturbation in 2DC-DMS. Detailed analysis 
for Figure 5 will be described in our future paper. 
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Fig. 4. tan of PIB/PS blends with different weight ratios.
 
 
 
Figure 5. Synchronous 2DC-DMS spectra calculated from Figure 4. 
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5. Conclusion 
In summary, real-world spectral data often contain various imperfections, distortions, and noise interfering 
with the pertinent information.  To avoid the artificial features produced by noise and other pretreatment 
factors, one should distinguish the characteristic features and choose appropriate external perturbation. We 
believe that 2DC-DMS is indeed a powerful tool for studying the molecular motions with different 
time/length scales.  
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